The generation of periodically poled structures in waveguides prepared by swift-heavy-ion (SHI) irradiation, i.e. in the electronic stopping power regime, has been achieved following two different strategies. In one of them we have prepared bulk PPLN samples by an applied electrical field, followed by irradiation with F ions at 22 MeV. After the ion irradiation, a waveguide showing a high optical confinement is obtained, preserving the original PPLN structure. The second strategy consisted of electric periodic poling of previously fabricated swift-ion-irradiated waveguides. To our knowledge this method has not been, so far, successful for conventional implanted waveguides. The successful fabrication of PPLN structures on novel waveguides prepared by SHI irradiation offers a promising potential for nonlinear integrated optical devices. 
Introduction
Nowadays, a very active field of research is the generation of visible light of short wavelengths, for instance with the use of wavelength converters. These nonlinear optical devices have been widely investigated, the quasi-phase matching (QPM) in periodically poled LiNbO 3 (PPLN) being a widely used technique for efficient frequency conversion [1] . Since second-harmonic generation (SHG) is a nonlinear process, the waveguide configuration is often preferred because of the higher light intensities that can be obtained in this geometry. Moreover, shorter periods of the periodically poled structure can be achieved in waveguides than those obtained in bulk, due to the smaller thickness of the former configuration.
Nevertheless, the fabrication of PPLN on a waveguide does not always maintain the nonlinear and/or the guiding properties of the structure. Moreover, the result may depend on the kind of PPLN substrate, the type of waveguide, the period of the domain structure and even the fabrication sequence. For Ti-indiffused [2-5] and annealed or soft proton exchanged (APE or SPE) [6] [7] [8] 19 ] waveguides the periodic poling has been achieved either by fabricating the waveguide on a PPLN substrate or more recently by using the reverse procedure, i.e. waveguide fabrication followed by the poling. On the other hand, He + implantation at energies of several MeV and high fluences (10 16 -10 17 ions/cm 2 ) is also a known method to fabricate waveguides maintaining to a large extent the electro-optic and nonlinear optical properties of the bulk. However, to our knowledge, there are only a few reports dealing with the fabrication of PPLN structures on implanted waveguides [9, 10] . These works have shown that useful waveguides can be prepared by He implantation on PPLN substrates. However, the periodic poling of an implanted waveguide has not been, apparently, reported.
Recently, a novel type of LiNbO 3 waveguide has been fabricated [11, 12] by swift-ion irradiation using swift heavy ions (SHIs) and much lower fluences (10 14 -10 15 ions/cm 2 ) than in the conventional implantation procedure. A main difference in relation to the ion-implantation method is that the main mechanism responsible for the change in refractive index is electronic excitation instead of nuclear collisions. In fact, the features of the electronic damage are quite different from those associated with nuclear damage and implantation. These waveguides present very good properties for nonlinear frequency conversion [11, 12] that should compete favourably with other conventional waveguides. Specifically, they exhibit a sharp waveguide boundary and high light confinement, with index jumps, at λ = 633 nm, of around 0.1 for n e and 0.2 for n o (the highest index steps achieved in LiNbO 3 [13] ). Moreover, the nonlinear coefficients are similar to those of the substrate and optical damage thresholds are of the order of or even higher than in the case of APE waveguides [14] . The potential of those SHI waveguides for other laser applications has been recently demonstrated [15] .
The purpose of this work has been to complete the evaluation of the capabilities of the novel waveguides prepared by SHI irradiation for nonlinear optical applications. To this end, we have investigated the fabrication of periodically poled domain structures with periods in the micrometre range. Two different approaches have been followed: (i) waveguide fabrication on periodically poled lithium niobate (PPLN) substrates and (ii) electric field periodical poling of waveguides prepared by SHI. In all cases good periodically poled patterns have been achieved, and consequently the waveguides offer a good potential for quasiphase matching in nonlinear optical applications. The results are discussed in relation to those obtained for protonexchanged and for He (or H)-implanted waveguides.
Experimental details

Electric field poling
The conventional external electric field poling technique [16, 17] was applied for the periodic poling for both bulk samples (substrates) and SHI-irradiated waveguides. All the samples were z-cut congruent LiNbO 3 crystals of 0.5-mm thickness. The +z face of the samples was periodically structured with photoresist electrodes of 15-µm period. Then, they were introduced into the poling chamber, where both the structured and non-structured faces were brought in contact with liquid electrodes (LiCl solution) and there a high electric field with a defined pulse shape was applied. The pulse shape was generated with a function generator (DS354, Stanford Research Systems) and amplified with a voltage amplifier (20/20C-L, Trek). The electric current produced during the poling process and the applied electric field pulse were registered with an oscilloscope.
Fabrication of planar waveguides by SHI irradiation
Z-cut congruent LiNbO 3 crystals purchased from PHOTOX were irradiated with F 4+ ions at an energy of 20 MeV and fluences as low as 4 × 10 14 ions/cm 2 in the 5-MV tandetron accelerator of the CMAM, as described in [11] . The incidence direction was along the z-axis (a small tilting of around 7 • is introduced to avoid channelling through the crystal structure). The ion currents were kept low enough (<100 nA/cm 2 ) to prevent excessive heating and charging of the sample. The high-energy F ions penetrating the crystal lose their energy mostly by electronic excitation, as illustrated in Fig. 1a , which shows the electronic S e and nuclear S n stopping power curves as a function of depth. One notices that, except at the end of the ion range, S e S n , i.e. the electronic losses are overwhelmingly dominant over those associated with nuclear collisions. Moreover, the experimental conditions have been chosen in such a way that there is a maximum of the electronic stopping power beneath the surface wherein the crystal is heavily damaged and becomes amorphous. This amorphized layer constitutes an optical barrier for light confinement and propagation. The layer structure induced by SHI is illustrated in the microphotograph of Fig. 1b , which was taken on a sample cut along the irradiation direction for a fluence of 4 × 10 14 ions/cm 2 . The depth scales for both Fig. 1a and Fig. 1b are the same. One clearly distinguishes the low-reflectivity buried amorphous layer caused by the electronic excitation mechanisms together with a fainter and deeper dark strip corresponding to the nuclear stopping region and ion implantation. On the other hand, the generated refractive-index profile derived from dark-mode characterization [18] together with the estimation of the amorphous layer depth obtained by Rutherford backscattering in channel configuration (RBS/C) ex- The buried amorphous layer caused by the electronic excitation mechanism and the nuclear stopping region can be seen
